During the development of the mammalian neocortex, the generation of neurons by neural progenitors and their migration to the final position are closely coordinated. The highly polarized radial glial cells (RGCs) serve both as progenitor cells to generate neurons and as support for the migration of these neurons. After their generation, neurons transiently assume a multipolar morphology before they polarize and begin their migration along the RGCs. Here, we show that Rap1 GTPases perform essential functions for cortical organization as master regulators of cell polarity. Conditional deletion of Rap1 GTPases leads to a complete loss of cortical lamination. In RGCs, Rap1 GTPases are required to maintain their polarized organization. In newborn neurons, the loss of Rap1 GTPases prevents the formation of axons and leading processes and thereby interferes with radial migration. Taken together, the loss of RGC and neuronal polarity results in the disruption of cortical organization.
Introduction
The development of the mammalian cortex depends on the cellular polarity of neural progenitors and the neurons they generate. During embryonic development, the nervous system is generated by a small pool of neural progenitor cells (Taverna et al. 2014) . Radial glial cells (RGCs; also called apical progenitors) line the ventricular zone (VZ) of the cortex and serve as the major source of pyramidal neurons in the dorsal telencephalon (Miyata et al. 2001; Noctor et al. 2001) . A short apical process anchors the RGC soma at the ventricular surface, while their long basal process extends to the pial surface (Paridaen and Huttner 2014) . During early stages of cortical development, symmetric divisions of RGCs expand the pool of apical progenitors. With the onset of neurogenesis, RGCs begin to divide asymmetrically to generate neurons and a second class of progenitors, the basal progenitors (BPs, also called intermediate progenitors) (Anthony et al. 2004; Miyata et al. 2004; Noctor et al. 2004) . BPs detach from the VZ and migrate basally into the subventricular zone (SVZ) where they undergo final symmetric divisions, in most cases to give rise to neurons (Haubensak et al. 2004; Wu et al. 2005) . The generation of BPs increases the number of neurons that can be produced during development Martinez-Cerdeno et al. 2006) .
Their apico-basal polarity is essential for the function of RGCs both as progenitors and as the substrate for neuronal migration (Barnes et al. 2008; Gao et al. 2013; Paridaen and Huttner 2014) . Adherens junctions (AJs) and apical domain proteins are required to maintain their stem cell properties and to balance self-renewal and the generation of neurons (Cappello et al. 2006; Costa et al. 2008; Gil-Sanz et al. 2014; Paridaen and Huttner 2014) . N-cadherin-dependent AJs and their apical domain at the ventricular surface marked by the polarity complex proteins Par-3, Par-6, PKCλ/ζ (αΠKX), and Cdc42 distinguish RGCs from BPs and are essential for their distinct properties (Cappello et al. 2006; Imai 2006; Costa et al. 2008; Bultje et al. 2009; Marthiens and ffrenchConstant 2009; Zovein et al. 2010) . So far, only a small number of genes have been identified that are essential for RGC polarity (Cappello et al. 2006; Costa et al. 2008; Yokota et al. 2009 Yokota et al. , 2010 Higginbotham et al. 2013) . Mutations in these genes lead to a disruption of neurogenesis and neuronal migration often visible as defects in cortical lamination (Cappello et al. 2012; Gil-Sanz et al. 2014) .
RGCs generate successive waves of neurons that migrate past older ones to establish the 6 layers of the cortex in an inside-out pattern (Angevine and Sidman 1961; Anthony et al. 2004 ). Neurons migrate along the basal processes of RGCs to settle in the cortical plate (CP) as projection neurons (Rakic 1972; Tabata and Nakajima 2003; LoTurco and Bai 2006; Paridaen and Huttner 2014) . During their migration, newborn neurons first assume a multipolar morphology in the SVZ and lower intermediate zone (IZ; Nadarajah et al. 2001; Nadarajah and Parnavelas 2002; Tabata and Nakajima 2003; Noctor et al. 2004 ). Subsequently, they polarize to become bipolar in the upper IZ by developing a leading process and a trailing axon that rapidly extends in the IZ (Barnes et al. 2008; Barnes and Polleux 2009; Sakakibara et al. 2014) .
Rap1 GTPases play important roles at several steps of neuronal development (Knox and Brown 2002; Franco et al. 2011; Jossin and Cooper 2011) . They are required for the orientation of multipolar neurons to direct their migration into the CP (Jossin and Cooper 2011; Ye et al. 2014 ). Suppression of Rap1 activity delays the transition of newborn neurons from the multipolar to the bipolar morphology and their migration into the upper IZ and CP. Rap1 GTPases are also required for RGC-independent somal translocation downstream of the extracellular matrix protein Reelin (Ballif et al. 2004; Frotscher 2010; Franco et al. 2011; Lakoma et al. 2011; Sekine et al. 2012) . In cultured hippocampal neurons, Rap1B acts upstream of Cdc42 and the polarity proteins Par3, Par6, and aPKC to direct the formation of a single axon (Schwamborn and Püschel 2004; Barnes et al. 2008; Barnes and Polleux 2009) . However, based on the effects of inactivating Rap1 GTPases by the expression of Rap1GAP or dominant-negative Rap1 constructs, it was questioned that Rap1 GTPases are required for axon formation in vivo (Jossin and Cooper 2011) .
Here, we investigate the function of Rap1 GTPases in vivo using conditional knockouts. Deletion of both genes encoding Rap1 GTPases (Rap1a and Rap1b) results in the loss of axons and defects in cortical lamination. We show that Rap1 GTPases are essential to maintain the polarity of RGCs. Their deletion leads to a gradual loss of AJs and apical domain in RGCs. Concomitant with the disruption of RGC polarity, an expansion of the progenitor pools and the number of neurons can be observed. In newborn neurons, Rap1 GTPases direct their polarization through the initiation of axon and leading process formation that enables radial migration. Our results show that Rap1 GTPases are essential for the organization of the cortex in vivo through their function in the regulation of polarity in RGCs and neurons.
Materials and Methods

Mice
Mice were housed at 4-5 per cage with a 12-h light/dark cycle (lights on from 07:00 to 19:00 h) at constant temperature (23°C) with ad libitum access to food and water. All animal protocols were approved by the Veterinär-und Lebensmittelüberwachung-samt Münster. Emx1-Cre mice (Guo et al. 2000) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Nex-Cre mice (Wu et al. 2005) were generously provided by Dr KlausArmin Nave (MPI für Experimentelle Medizin, Göttingen, Germany) and conditional knockout mice for Rap1a and Rap1b (Pan et al. 2008) by Dr Alexei Morozov (NIH, Bethesda, MD, USA). All mouse strains were kept in a C57Bl/6 background. Genotyping was done by PCR using the following primers. Rap1a: 5′-CCAAGGCTCTCAGTTGATTTCTA-3′ and 5′-TATCTGCA-CATAATCTGCATGCC-3′, Rap1b: 5′-CCCTCTCATGCTATTCCTAA TGT-3′ and 5′-CTTGCTGTCAACGCCTTGGC-3′; Emx1-Cre: WT1 5′-AAGGTGTGGTTCCAGAATCG-3′, WT2 5′-CTCTCCACCAGAA GGCTGAG-3′, TG1 5′-GCGGTCTGGCAGTAAAAACTATC-3′ and TG2 5′-GTGAAACAGCATTGCTGTCACTT-3′; Nex-Cre: 5′-GAGTCCTGGAA TCAGTCTTTTTC-3′, 5′-AGAATGTGGAGTAGGGTGAC-3′, 5′-CCG CATAACCAGTGAAACAG-3′.
Histology
Sections were stained with Hematoxylin and eosin (HE) using standard procedures. Briefly, the brains were fixed with Carnoy's reagent, dehydrated, and embedded in paraffin. Deparaffinized and rehydrated paraffin sections (12 μm) were stained with Mayer's Hemalaun for 3 min and with freshly filtered 0.05% Eosin G for 1 min.
Immunohistochemistry
Brains were fixed in Carnoy's reagent, dehydrated, and embedded in paraffin. Alternatively, brains were fixed in 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) and cryoprotected overnight at 4°C in 20% sucrose/PBS for staining with the antiRap1, -N-cadherin, -afadin, -Cdc42, -Par3, -laminin α2, -Integrin β1, -9EG7, -Pax6, -Tbr2, -Ki67, and -proliferating cell nuclear antigen (PCNA) antibodies. After one wash in PBS, the brains were embedded in OCT medium (Tissue-Tek) and frozen on dry ice. Coronal sections (12 μm) were prepared using a cryostat or microtome (Leica). Antigen retrieval was performed by boiling the sections in 10 mM sodium citrate buffer, pH 6.0, in a microwave for 10 min at 650 W. After cooling the sections at RT, they were washed in PBS followed by blocking with 1.5% NGS in PBS with 0.03% Triton X-100 for 1 h. The sections were stained overnight at 4°C with primary antibody diluted in blocking buffer. They were washed 3 times in PBS, 10 min each, and incubated with secondary antibodies for 2 h at room temperature.
Whole Mount Staining of VZ
E17 mouse brains were fixed in 4% PFA for 1 h. The VZ was dissected and incubated in blocking buffer for 24 h. The tissue was incubated with primary antibody diluted in 500 μL of blocking buffer in a 24-well plate for 48 h at 4°C. After 3 washes for 30 min in PBS, the tissue was incubated with secondary antibody for 48 h at 4°C and with Hoechst 33342 for 20 min at RT followed by 3 washes for 30 min in PBS. The whole mounts were mounted in Mowiol/DABCO (Roth) with the VZ facing the coverslip.
Antibodies
For immunofluorescence, we used mouse rabbit anti-Rap1 (Upstate #07-916, 1 : 150), mouse anti-N-cadherin (Abcam #ab98952, 1 : 200), rabbit anti-N-cadherin (Abcam #76011, 1 : 200), rabbit anti-afadin (Abcam #ab203569, 1 : 200), mouse anti-Nestin (BD Biosciences #611658, 1 : 200), mouse Tuj1 (R&D Systems #MAB1195, 1 : 400), mouse anti-Cdc42 (Santa Cruz #B8, 1 : 100), rabbit anti-β-catenin (Abcam, #ab32572, 1 : 200) , rabbit anti-Par3 (Sigma, #HPA030443, 1 : 200), rat anti-β1 integrin [very late antigen (VLA), Chemicon, #MAB1997, 1:200], rabbit anti-Pax6 (Biolegend, #901301, 1 : 300), mouse anti-Pax6 (Abcam #ab78545, 1 : 100), rabbit anti-phospho-histone H3 (PH3; Cell Signaling, #9701, 1 : 400), mouse anti-PH3 (Cell Signaling, #9706, 1 : 150), rabbit anti-Tbr2 (Abcam, #ab23345, 1 : 400), mouse anti-Ki67 (Cell Signaling, #9449, 1 : 400), mouse anti-PCNA (Millipore, #MAB424, 1 : 300), rabbit antiCux1 (Santa Cruz Biotechnology #sc13024, 1 : 150), rabbit anti-neurofilament (NF) medium chain (Abcam #ab64300, 1 : 200), mouse anti-NF medium chain (NFM; 2H3, DSHB, 1 : 4), rabbit anti-NF light chain (Cell Signaling #2837, 1 : 200), mouse SMI-312 (Covance SMI-312R, 1 : 200), mouse Tau-1 (Chemicon #MAB3420; 1 : 500), mouse anti-MAP2 (Chemicon #AB5622; 1 : 1000), Hoechst 33342 (Molecular Probes, 1 : 6000), and goat secondary antibodies labeled with Alexa-488, -594, or -680 (Molecular Probes, 1 : 800). The rat 9EG7 (supernatant) and the rat anti-laminin α2 (supernatant, clone-4H8-2) antibodies were provided by D. Vestweber (Max Planck Institute for Molecular Biomedicine, Münster, Germany) and L. Sorokin (Institut für Physiologische Chemie und Pathobiochemie, Münster, Germany), respectively.
Electron Microscopy
Brains were isolated from E17.5 embryos and fixed by immersion in modified Karnovsky's fixative [4% PFA and 1% glutaraldehyde in PBS ( pH 7.4) overnight] followed by 3 washes in PBS. The isolated brains were embedded in 3% agarose (in PBS) and 200 μm sections prepared using a vibratome (Leica VT1000S). Sections were fixed in modified Karnovsky's fixative in 0.1 M sodium cacodylate buffer (Sigma), washed with 0.1 M cacodylate buffer, and post-fixed with 2% OsO 4 . Tissues were subsequently washed with double-distilled water and stained en bloc in 1% aqueous samarium triacetate (Sigma). After washing with double-distilled water, samples were dehydrated in a graded ethanol series, rinsed with propylenoxyde (Serva), and embedded in Epon resin (Serva). After polymerization (24 h at 60°C), ultrathin (∼60-70 nm) sections were cut using an ultramicrotome with a diamond knife (Reichert). The slices were collected on Formvar-coated grids and imaged using an EM410 electron microscope (Phillips). Images were collected with a side-mounted 5 Mpix CMOS camera and processed offline using Photoshop and Zoner PS16.
Ex Vivo Electroporation and Live Cell Imaging
Brains from wild-type, Rap1a flox/flox ;Rap1b flox/flox E14 embryos were used for ex vivo electroporation. Briefly, plasmids were mixed with Fast Green dye (0.5%) and injected into the lateral ventricle. Embryos were transfected by 5 pulses with 54 V for 50 ms at 1 s intervals using the ECM-830 BTX square wave electroporator (BTX, Gentronic, Inc). We used the plasmids pDcx-iGFP, pDcx-Cre-iGFP (generously provided by U. Müller, Scripps
Research Institute, La Jolla, CA, USA; Franco et al. 2011) , pNeuroD-EGFP (generously provided by F. Polleux, Columbia University, New York, NY, USA; Guerrier et al. 2009 ), pTα-Cre (Namba et al. 2014; Sakakibara et al. 2014) , pTα-LPL-LynN-EGFP (Sakakibara et al. 2014) , pEF-Cre, and pEF-LPL-LynN-EGFP to sparsely label cells. pEF-Cre is expressed in progenitors as well as in neurons, and we analyzed cells that showed a transition from a multipolar (having multiple dynamic processes) to a bipolar morphology (Barnes et al. 2008) . The formation of trailing axons and leading processes was analyzed as described previously (Hatanaka and Yamauchi 2013; Namba et al. 2014) . The neuron-specific Tα1 promoter in the pTα-LPL-H2B-mRFP plasmid marks early postmitotic neurons that are still multipolar. pDcxCre-iGFP is expressed in postmitotic neurons earlier than Tα1 (see Supplementary Fig. 9A ). The brains were embedded in 3% low melting agarose (Biozym). Three hundred-micrometer slices were cut using a vibratome (Leica), placed onto the membrane of a Millicell tissue culture inserts (0.4 μm, 30 mm) (Millipore), and cultured at the air/liquid interface using neurobasal medium supplemented with B27, N2 in 35 mm tissue culture dishes at 37°C, 5% CO 2 and 40% O 2 (Guerrier et al. 2009 ). Imaging was performed 24-30 h after electroporation in an incubation chamber at 37°C and 5% CO 2 using a Zeiss LSM 700 laser scanning microscope (Carl Zeiss MicroImaging, Jena, Germany) equipped with the Zeiss ZEN Software (Carl Zeiss MicroImaging). Images were taken every 30 min for a period of 24-30 h.
To confirm the effectiveness of the mosaic deletion in Cre-expressing cells, brains from E14 embryos were transfected by ex vivo electroporation as described above and 500-μm cortical slices were cultured for 48 h. Slices were fixed in 4% PFA/PBS, incubated overnight in 20% sucrose/PBS for cryoprotection. After embedding in OCT medium (Tissue-Tek) and freezing on dry ice, sections (20 μm) were prepared using a cryostat (Leica). For staining, the sections were blocked with 1.5% NGS in PBS with 0.03% Triton X-100 for 1 h and stained overnight at 4°C with primary antibody diluted in blocking buffer. Sections were washed 3 times in PBS, for 10 min each and incubated with secondary antibodies for 2 h at room temperature. The sections were analyzed using a Zeiss 700 laser scanning microscope.
Immunostaining and Imaging of Neuronal Cultures
Cortical and hippocampal neurons were isolated and cultured as described previously (Dotti et al. 1988) , fixed at 3 days in culture (days in vitro) with 4% PFA/15% sucrose in PBS for 20 min, and permeabilized with 0.01% Triton X-100/0.1% Na-Citrate/PBS for 10 min on ice. After 3 washes with PBS, fixed cells were blocked for 1 h at RT with 10% NGS/PBS and incubated with the primary and secondary antibodies (anti-Map2 and Tau-1) in blocking buffer. A Zeiss LSM 700 confocal laser scanning microscope was used for imaging. Image analysis was done using ImageJ 1.45s (NIH) and Adobe Photoshop CS5. The stage of neuronal differentiation was determined according to published criteria (Dotti et al. 1988 ).
Statistical Analysis
The number of Tbr2 + , Pax6 + , and Ki67 we determined the total number of Pax6 + , Tbr2 + , and PH3 + cells per cortical section in the area from the cortical hem to the pallial-subpallial boundary to also account for the differences in the distribution of cells and the expansion of the cortex. The number of neurons was quantified as the number of Tuj1 + cells per 100 cells (Cappello et al. 2006) . The number of S-phase cells was determined as the number of cells with a punctate PCNA immunoreactivity in the nucleus as described previously (Arai et al. 2011) . Nuclei in S-phase exhibit a punctate pattern that reflects the site of DNA replication, while nuclei in G1 and G2 show a diffuse pattern. Data are presented as means ± SEM and were analyzed by Student's t-test and/or two-way ANOVA with Bonferroni post hoc test as indicated in the figure legends (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
Results
Rap1 GTPases Are Required for Cortical Development
Rap1 GTPases are encoded by 2 highly homologous genes in mammals: Rap1a and Rap1b. To analyze their function in cortical development, we used conditional knockout alleles (Pan et al. 2008) together with the Emx1-Cre line that mediates a cortex-specific knockout in neural progenitors beginning at embryonic day E9.5 (Guo et al. 2000) . severe defects in cortical lamination in the mutant that lacks an organization into distinct VZ, SVZ, IZ, and CP (Fig. 1A ). Rap1 GTPases are present throughout the developing cortex and in particular in the apical domain of RGCs at the ventricular surface at E11 ( Fig. 2A) . Staining of the embryonic cortex from homozygous E11 Rap1 Emx1-KO embryos confirmed the loss of Rap1 as early as E11 ( Fig. 2A) . The layer-specific markers Tbr1 (deeper layers V/VI and subplate) and Cux1 (superficial layers II and III) revealed that Tbr1-and Cux1-positive cells were spread throughout the cortex in the Rap1 Emx1-KO mutant at P0 and remained misplaced at P7 (see Supplementary Fig. 1A ,B). Taken together, the mutant phenotype shows that Rap1 GTPases are essential for the development of the cortical architecture. Their inactivation results in a complete loss of cortical lamination.
Since the regular organization of the cortex depends on RGCs, we stained sections from heterozygous and homozygous Rap1
Emx1-KO embryos with an anti-nestin antibody as a marker for RGCs ( Fig. 1B) . At E11 and E13, nestin-positive RGC processes are arranged in a parallel fashion and glial endfeet terminate at the pial surface ( Fig. 1B) . At E15 and E17, these nestin-positive fibers become more elongated as the CP expands by the addition of successive waves of neurons. Distinct nestin-positive processes were detectable at E11 and E13 also in the Rap1 Emx1-KO cortex, but disappeared at later stages ( Fig. 1B) . At E15, only few nestinpositive RGCs could be detected at the ventricular surface in the Rap1 Emx1-KO cortex. At the pial surface, the few remaining RGC processes were completely misarranged. By E17, barely any RGC processes were present at the ventricular and pial surface. These results show that the inactivation of Rap1a and Rap1b leads to a gradual disorganization and loss of RGCs from the ventricular surface that is detectable beginning at E15.
Rap1a/b Deletion Leads to a Loss of AJs and Integrin-Dependent Adhesion
RGCs are connected by AJs whose main components are nectins and cadherins, which are linked by the adaptor protein and Rap1 effector afadin (encoded by Mltt4; Carmena et al. 2011; Mandai et al. 2013) . Conditional deletion of Cdh2 (N-cadherin) or Mltt4 in the cerebral cortex leads to a disorganization of the cortex similar to that observed in the Rap1 Emx1-KO cortex due to a disruption of AJs (Kadowaki et al. 2007; Yamamoto et al. 2013; Gil-Sanz et al. 2014) . Rap1 GTPases are required for cadherin-mediated adhesion in different nonneuronal cell types (Knox and Brown 2002; Hogan et al. 2004; Price et al. 2004 ). Indeed, a loss of signals for N-cadherin and afadin were evident in RGCs in Rap1
Emx1-KO mutants already at E11 ( Fig. 2A,B) . AJs delineate the border of the apical domains in RGCs that is marked by the polarity proteins Cdc42 and Par3 (Cappello et al. 2006; Imai 2006; Costa et al. 2008; Bultje et al. 2009; Marthiens and ffrench-Constant 2009; Zovein et al. 2010) . Concomitant with the loss of AJs, the apical domain markers Cdc42 and Par3 also disappear from the ventricular surface (Fig. 2B ). The staining for N-cadherin and β-catenin in the VZ becomes more distinct between E13 and E17 in heterozygous embryos, but gradually disappeared in the Rap1 Emx1-KO cortex (see Supplementary Fig. 2 ), and AJs are almost completely lost at E17 ( Fig. 2C and Supplementary Fig. 2 ). An ultrastructural analysis by electron microscopy revealed a severe reduction in the number of electron-dense AJs between RGCs in the Rap1 Emx1-KO mutant and the few remaining AJs appeared less organized and were mislocalized (Fig. 2C,D) . The number of electron-dense AJs per 100 μm at the apical surface significantly decreased from 61 ± 5 per 100 μm in controls to 19 ± 3 in the E17 Rap1 Emx1-KO cortex (Fig. 2D) . These results show that Rap1 GTPases are required for the maintenance of AJs and the apical domain.
Consistent with the loss of basal RGC endfeet in the Rap1
Emx1-KO mutant ( Fig. 1B and Supplementary Fig. 3A ), defects were also observed in the cellular organization at the pial surface near the basement membrane (BM; Fig. 3A ,B and Supplementary Fig. 3A ). Laminin α2 is highly expressed in the pial surface and at lower levels also in RGC endfeet (Lathia et al. 2007; Fig. 3A) . Staining with an anti-laminin α2 antibody did not reveal defects in the Rap1
Emx1-KO cortex at E11 when the RGC scaffold is still largely intact (Figs 1B and 3A) . At a later stage, a reduction of laminin α2 signals was detectable in the Rap1 Emx1-KO consistent with the disorganization of RGC endfeet ( Fig. 1B and Supplementary Fig. 3B ). Ultrastructurally, the BM appeared normal in the Rap1 Emx1-KO cortex, but the cells immediately below it were attached only loosely (Fig. 3B ). Rap1 is known to regulate integrin function (Retta et al. 2006; Sekine et al. 2012) , which could explain the detachment of glial endfeet from the BM at the pial surface of the Rap1
Emx1-KO . We stained sections with antibodies that detect β1 integrin independent of its activation state (VLA) or only the active β1 integrin conformation (9EG7). The cortex of heterozygous controls showed an enrichment of β1 integrins at the VZ and the pial surface (Fig. 3C,D) , in addition to a heavy staining of blood vessels. The 9EG7 antibody showed a similar distribution of active β1 integrins (Fig. 3C,D) . No differences in the distribution of active β1 integrins between hetero-and homozygous Rap1
Emx1-KO mutants were detectable at E11 (see Supplementary Fig. 3C ). At E15, staining with the VLA and 9EG7 antibodies revealed a dramatic reduction not only of active β1 integrins, but also of the overall level of β1 integrins in both the apical and the pial region of the Rap1 Emx1-KO cortex (Fig. 3C,D) . These results suggest that the loss of Rap1 affects integrin-dependent contacts at the pial surface in addition to AJs at the VZ.
The Loss of Rap1 GTPases Increases the Number of Neural Progenitors and Neurons
Staining with the Tuj1 antibody that detects the neuron-specific βIII-tubulin showed a significant increase in the number of Fig. 4A ,B). Neurons formed a distinct CP in heterozygous embryos while they were scattered throughout the cortex in the Rap1 Emx-1-KO cortex at E13 and E15.
The size of the progenitor pools and the balance of symmetric, proliferative, and asymmetric divisions determine the size of the cortex (Rakic 1988; Miyata et al. 2010) . The expansion of the cortex in the Rap1
Emx1-KO mutant suggests an imbalance in the generation of progenitors and neurons. To determine whether the increased production of neurons results from changes in the number of apical RGCs or BPs, we used Pax6 as a marker for RGCs (apical progenitors) and Tbr2 to label BPs (Götz et al. 1998; Englund et al. 2005) . These markers showed primarily a mutually exclusive expression in the heterozygous and homozygous Rap1 Emx1-KO cortex (see Supplementary Fig. 4 to the value for heterozygous embryos, which was set as 100%. This quantification also showed an expansion of the Pax6 + apical progenitors in the Rap1 Emx1-KO cortex to 193 ± 13% at E11. This number declined to 135 ± 2% at E13 (Fig. 5C ) and 102 ± 16% at E15, when it was comparable with that of the heterozygous cortex. ; total number normalized to 100%; Rap1 Emx1-KO : 28 ± 2 (E11), 56 ± 3 (E13); total number per cortical section: 153 ± 13% (E11), 154 ± 6% (E13); Fig. 5D-F (Fig. 5E,F) . While a transient increase in both apical progenitors and BPs was observed in the Rap1 Emx1-KO cortex, the proportion of Pax6 + and Tbr2 + cells remained unchanged, indicating that the lineage from RGCs to BPs to neurons was preserved (see Supplementary Fig. 5A ). was similar at E15 with 77 ± 3% at the VZ in heterozygous controls compared with 10 ± 3% in the Rap1 Emx1-KO cortex (Fig. 5G, 
H). While the total number of PH3 + cells in the Rap1
Emx1-KO cortex was increased (Fig. 6C) , the percentage of Pax6 + or Tbr2 + progenitors that were also positive for PH3 was not changed in the mutant cortex (Fig. 6A,B) . These results suggest that the expanded pool of progenitors divides at a more basal position to give rise to an increased number of neurons in the Rap1 Emx1-KO cortex.
The increase in the number of PH3 + mitotic progenitors could result from a delay of mitosis or an increase in the number of dividing cells. Staining with a marker for proliferating cells (Ki67) showed a higher number of Ki67 + cells in the mutant cortex as early as E11 (heterozygous mutant: 78 ± 6 cells per 10 4 µm 2 ;
Rap1
Emx1-KO : 102 ± 1) that remained elevated at E13 (heterozygous cortex: 68 ± 4; Rap1 Emx1-KO : 82 ± 1; Fig. 6E ). To determine the proportion of progenitors undergoing mitosis, we quantified the number of cells positive for both Ki67 and PH3 staining (Fig. 6D,  F) . This mitotic index for the progenitor population (I p ) showed an increase in the percentage of Ki67 + cells that are PH3 + in the Rap1 Emx1-KO cortex already at E11. The I p of the Rap1 Emx1-KO cortex was 15 ± 1% at E11 and 15.3 ± 1% at E13 compared with 11 ± 1% (E11) and 9 ± 1% (E13), respectively, in heterozygous embryos (Fig. 6F) . We also observed a significant increase in the number of progenitors in S-phase in the Rap1 Emx1-KO cortex (46 ± 5 and 222 ± 9 at E11 and E13, respectively cells, total number in cortex per section) compared with heterozygous embryos (28 ± 3 and 136 ± 6 at E11 and E13, respectively) by analyzing the punctate staining pattern of PCNA that specifically marks cells in Sphase (Arai et al. 2011 ; see Supplementary Fig. 5B-D) . However, the percentage of Ki67 + progenitors in S-phase did not differ between heterozygous and homozygous Rap1 Emx1-KO cortex at E11
and E13 (Fig. 6G) . Thus, the number of cells in S-phase and in M-phase is increased in the Rap1 Emx1-KO cortex, indicating an increase in the number of dividing progenitors consistent with the expansion of the cortex (Gil-Sanz et al. 2014) . Taken together, our quantification suggests that the increase in the pool of BPs at E13 is a consequence of an initial expansion of the Pax6 + cell pool. genotype, means ± s.e.m., *P ≤ 0.05, **P < 0.01) was determined in the cortex.
Dorsal is to the top and medial to the right. Scale bars are 100 μm (whole cortex) and 20 µm (magnified panels).
The increase in apical progenitors expands the pool of BPs and thereby the number of neurons that are generated. Thus, Rap1 GTPases are required for maintaining the normal size of the progenitor pools.
Rap1 GTPases Are Required for Axon Formation
Staining with the Tuj1 antibody indicated not only an increase in the number of neurons, but also defects in axon formation, that were apparent already at E13 (Fig. 4) . Staining sections from E17 or at abventricular positions (nVZ, green) was quantified in the heterozygous (+/−) and homozygous (−/−) Rap1 Emx1-KO cortex at E11, E13, and E15 (n ≥ 3 embryos per genotype, Student's t-test, compared with controls, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). Scale bars are 100 μm (A, D, and G).
brains with antibodies for NF subunits as axonal markers confirmed severe defects in axon formation (Fig. 7A) . Compared with the strong staining of the cortical IZ and the hippocampus with antibodies for NFM, only a small number of NFM-positive axons were present in the Rap1 Emx1-KO cortex (Fig. 7A-C) , despite the increase in the number of neurons. These axons were not confined to a specific layer to form an IZ, but were randomly distributed throughout the cortex. The hippocampus was poorly developed and largely negative for NFM staining. Staining with the pan-axonal marker SMI312 and an antibody for NF light chain that marks only a subset of axons confirmed the loss of axons in Rap1 Emx1-KO embryos (see Supplementary   Fig. 6A ). The hippocampal architecture was also severely compromised and only few axons were present (Fig. 7A) . The severe defects in axon formation persisted at P7 (see Supplementary Fig. 6B ). To better quantify the defects in axon formation, we cultured cortical and hippocampal neurons from E17.5 embryos. The neurons were fixed at 3 d.i.v. and stained with anti-MAP2 and Tau-1 antibodies as markers for minor neurites and axons, respectively (Fig. 7B) . Cultures of cortical and hippocampal neurons from Rap1
Emx1-KO embryos showed a significant reduction in the number of polarized neurons (cortex: 33 ± 2% unpolarized neurons; hippocampus 39 ± 2%) compared with controls (cortex: 13 ± 1%; hippocampus: 10 ± 3%; Fig. 7C ). Taken together, these results show that Rap1 GTPases are required for axon formation in vivo in both cortical and hippocampal neurons.
Different Temporal Requirements for Rap1 in Cortex and Hippocampus
In the Rap1 Emx1-KO mutant, Rap1 GTPases are lost in RGCs and the neurons generated by them. To determine the critical period for Rap1 function, we first used the Nex-Cre line to delete them specifically in neurons (Goebbels et al. 2006 ). In the Nex-Cre-mediated knockouts for Rap1a and Rap1b (Rap1 Nex-KO ), immunoreactivity for Rap1 was exclusively lost in the CP and IZ that contain the neurons and their axonal projections (see Supplementary  Fig. 7 ). The Rap1 Nex-KO cortex was remarkably normal with regular cortical layers and no defect in axon formation in the cortex. However, axon formation was severely reduced in the hippocampus ( Fig. 7D and Supplementary Fig. 6A ). Similar phenotypes were observed in neuronal cultures. Neurons from the Rap1
Nex-KO hippocampus showed a significant increase in the number of unpolarized neurons (Fig. 7E ,F) (control: 6 ± 1% unpolarized neurons; Rap1 Nex-KO : 29 ± 3%). In contrast, cortical neurons from
Rap1
Nex-KO did not show a defect in axon formation (control:
10 ± 1% unpolarized neurons; Rap1 Nex-KO : 13 ± 0.4%). These results indicate that Rap1 GTPases are required for axon formation at an early stage in the cortex before Nex-Cre is active, but at a later stage in the hippocampus.
Rap1 GTPases Are Required for 2 Polarization Events in Cortical Neurons
The absence of major defects in the Rap1 Nex-KO cortex in contrast to the severe Rap1 Emx1-KO phenotype indicated that Rap1 GTPases are required at an early stage of differentiation to initiate axon formation. To delineate the temporal requirement more precisely, we analyzed neuronal migration in cortical slices by live cell imaging after ex vivo electroporation of E14 brains using different expression vectors for Cre and fluorescent markers. We used the vectors pTα-Cre, pTα-LPL-LynN-EGFP, and pTα-LPL-H2B-mRFP to label only neurons (Sakakibara et al. 2014) . The expression of LynN-EGFP and H2B-mRFP from the neuron-specific Tα promoter depends on the Cre-mediated removal of a stop cassette. In wildtype neurons, 80% of the multipolar neurons first formed a trailing axon followed 8-12 h later by the leading process and the start of radial migration in wild-type slices (n = 61 from 11 different slices; see Supplementary Fig. 8A and Movie 1), which is consistent with a recent report (Namba et al. 2014) . In 43% of the cases, a tangentially extending neurite became the axon and extended rapidly as described previously (Hatanaka and Yamauchi 2013) while a ventrally directed neurite was selected as the axon by 57% of the cells (20/35; n = 35; see Supplementary Movies 1 and 2). After a tangential process initiated its extension, the soma of the majority of the cells directly migrated toward the CP (74%). In 26% of the cases, it first moved tangentially in the opposite direction before beginning its radial migration. The remaining 20% of the multipolar neurons first initiate a leading process before extending an axon. To confirm that deletion of Rap1a and Rap1b after ex vivo electroporation of RGCs with a Cre expression vector interferes with axon formation as in the Rap1
Emx1-KO mutants, we used the plasmids pEF-Cre, pEF-LPL-LynN-EGFP, and pTα-LPL-H2B-mRFP (see Supplementary Fig. 8B ). Expression of Cre in the cortex from homozygous Rap1a flox/flox ;Rap1b flox/flox embryos inactivates the floxed alleles and removes the stop cassette in the GFP expression vector to label these cells. The EF promotor drives Cre and GFP expression in neural progenitors, while the Tα promotor expresses H2B-mRFP in neurons Sakakibara et al. 2014) . The loss of Rap1 GTPases was confirmed by immunostaining of cultured slices (see Supplementary Fig. 9A,B) . After transfection of pEF-Cre, most of the neurons became bipolar (95%, 36/38) in wild-type slices while only 5% remained in the multipolar stage during the imaging time (see Supplementary  Fig. 8B,D) . In contrast, the number of neurons that became bipolar was significantly reduced (52%, 11/21) after deletion of Rap1 GTPases and a large proportion of Rap1a;Rap1b knockout neurons remained in the multipolar phase (37%, 8/21) even at 30 h after electroporation when control neurons already were polarized and had started their radial migration. A small number of cells were unipolar and extended a leading process (wild type: 0%, 0/38 neurons; Rap1a;Rap1b: 5%, 1/21) or a trailing axon only (wild type: 0%, 0/38 neurons; Rap1a;Rap1b: 5%, 1/21). Thus, the loss of Rap1 GTPases blocks the polarization of multipolar neurons by interfering with the formation of axon and leading process.
Rap1 GTPases Are Required in Multipolar Neurons
To test whether Rap1 GTPases are required cell-autonomously in neurons, we used the plasmids pDcx-Cre-iGFP (Franco et al. 2011) and pTα-Cre (Namba et al. 2014; Sakakibara et al. 2014 ) to inactivate Rap1 GTPases only in multipolar neurons by ex vivo electroporation of the cortex from Rap1a flox/flox ;Rap1b flox/flox embryos.
The Dcx promoter drives expression in early postmitotic, premigratory neurons (Franco et al. 2011) . A comparison of the Dcx, Tα, and NeuroD promoter activity by live cell imaging of slices showed that the Dcx promoter becomes active first in early multipolar neurons followed approximately 8 h later by Tα and after a further 6-8 h NeuroD (see Supplementary Fig. 10A,B) . As already noted previously (Hashimoto-Torii et al. 2008 ), we did not observe an activity of the Tα promoters in apical progenitors (see Supplementary Fig. 11 ) that was reported in other studies (Wang et al. 1998; Gal et al. 2006) , probably because we transfected lower amounts of plasmids. After transfection of pDcx-Cre-iGFP or pTα-Cre and pTα-LPL-LynN-EGFP, GPF + cells in the IZ were negative for Tbr2 and Ki67 staining, confirming that these were neurons (see Supplementary Fig. 11 ). Electroporation of Rap1a flox/flox ; Rap1b flox/flox brains with pDcx-Cre-iGFP showed a significant reduction in the number of bipolar neurons when compared with the control slices ( Fig. 8 and Supplementary Movies 3 and 4) . While 86 ± 1% (94 neurons) of the neurons became bipolar in the control experiment, only 57 ± 2% (68 neurons) of the DcxCre-iGFP-positive cells showed a bipolar morphology in the Rap1a flox/flox ;Rap1b flox/flox slices (Fig. 8A,B) . Thus, inactivating Rap1
GTPases in neurons with pDcx-Cre-iGFP caused the same phenotype as that observed after transfection of pEF-Cre that is active already in RGCs. When the cortex was transfected with the plasmids pTα-Cre, pTα-LPL-LynN-EGFP, and pTα-LPL-H2B-mRFP, a significant reduction in the number of bipolar neurons (66%, 36/54) was observed as with pEF-Cre and pDcx-Cre-iGFP (see Supplementary Fig. 8C and Movies 5 and 6). The number of Rap1a;Rap1 knockout neurons that remained in the multipolar phase was increased (22%, 12/54). In contrast, wild-type neurons became bipolar and started their migration (84%, 36/43) and only few (12%, 5/43) remained in the multipolar stage during the imaging period. We also found an increased number of unipolar neurons, which extended a leading process (wild type: 2.5%, 1/43 neurons; Rap1a;Rap1b: 7%, 4/54) or a trailing axon only (wild type: 2.5%, 1/43 neurons; Rap1a;Rap1b: 4%, 2/54). The effect of pTα-Cre expression was not as pronounced as that of pDcx-Cre-iGFP, possibly due the slightly later onset of Cre expression.
As N-cadherin is required to orient the migration of multipolar neurons (Jossin and Cooper 2011; Namba et al. 2014; Xu et al. 2015) , we also stained slice cultures with an anti-N-cadherin antibody. In control slices, multi-and bipolar neurons showed N-cadherin staining at the cell periphery that was enriched near the Nestin + RGC fibers as reported before (Kawauchi et al. 2010; Jossin and Cooper 2011; see Supplementary Fig. 12A,D, E) . After expression of Cre from the Dcx promoter in Rap1a flox/flox ; Rap1b flox/flox slices, transfected (GFP + ) neurons show a reduction in N-cadherin levels (see Supplementary Fig. 12B,F) , indicating defects in cell-cell contacts consistent with previous results (Jossin and Cooper 2011). These results demonstrate that deletion of Rap1a;Rap1b in multipolar neurons is sufficient to cause polarity defects and that Rap1 GTPases are required for 2 polarization steps, the formation of axons and of leading processes (Fig. 8D ).
Discussion
Our results identify Rap1 GTPases as master regulators of cell polarity in the developing neocortex that are required for the establishment of cortical architecture. They are essential for maintaining the polarized organization of RGCs as well as for cortex is shown. After a neuron is generated by the asymmetric division of an RGC (red), it transiently assumes a multipolar morphology (blue). The formation of a trailing process (arrowhead) marks the first polarization event (1st), which is then followed by a second polarization event (2nd) with the formation of the leading process (arrow) and the start of radial migration as a bipolar neuron (yellow). The onset of expression for the different Cre drivers used is indicated at the bottom.
Emx1-Cre and pEF-Cre are active in RGCs, pDcx-Cre, pTα-Cre in multipolar neurons, and pNeuroD-Cre, Nex-Cre in early bipolar neurons. Scale bars are 20 μm (A).
the polarity of the neurons generated by them. Inactivation of Rap1a and Rap1b results in the disassembly of AJs, the loss of the apical domain, and the detachment of RGCs from the ventricular and pial surface. As a consequence, a dysregulation of neural progenitor pools and an increase in the number of neurons can be observed. In newborn neurons, Rap1 GTPases are required for the transition from the multipolar to the bipolar morphology by directing the formation of an axon and a leading process. The function in both RGCs and neurons appears to involve a regulation of N-cadherin as shown by the loss of AJs in RGCs and the defects in N-cadherin trafficking in migrating neurons (Kawauchi et al. 2010; Jossin and Cooper 2011) . In addition, Rap1 GTPases are required in RGCs for the integrin-dependent attachment of the basal endfeet to the BM at the pial surface. The conditional inactivation of Rap1 GTPases results in the loss of axons and a disruption of cortical lamination. The defects in polarization interfere with the migration of neurons and together with the disorganization of RGCs and the dispersal of neural progenitors throughout the cortex would account for the absence of cortical layers (Barnes et al. 2008) . A previous report (Jossin and Cooper 2011) concluded that Rap1 GTPases are required for neuronal migration but not for axon formation in vivo. This study did not reveal the complete range of Rap1 GTPase function, probably because they are required at an earlier time point than was analyzed as demonstrated here by the phenotypes of the conditional knockouts using Emx1-Cre, pDcx-Cre, and pTα-Cre. Our results show that Rap1 GTPases function not only to orient the multipolar migration of neurons as proposed previously (Jossin and Cooper 2011) , but also at an earlier stage during their polarization. The disruption of RGC organization in the Rap1
Emx1-KO mutants raises the question, if the loss of neuronal polarity results from a cell non-autonomous function in RGCs or a cell-autonomous defect in neurons. Several arguments support the conclusion that Rap1 GTPases function cell-autonomously in multipolar neurons. First, inactivation of Rap1 GTPases specifically in multipolar neurons by transfection with the pDcx-Cre and pTα-Cre vectors was sufficient to prevent neuronal polarization. Second, the defects in axon formation were observed in the knockout already at a stage when RGCs were still largely intact. Third, mutants like the Cdh2 and Mltt4 knockouts show defects in RGC organization similar to that of the Rap1
Emx1-KO , but do not show the severe loss of axons seen in the Rap1
Emx1-KO mutant (Kadowaki et al. 2007; Gil-Sanz et al. 2014) . The loss of Rap1 GTPases causes a loss of afadin, N-cadherin, and the apical polarity complex proteins Cdc42 and Par3 from the VZ as early as E11. The resulting detachment of RGCs from the ventricular surface is accompanied by a transient increase in the number of Pax6 + cells that is followed by an expansion of the Tbr2 + BP pool in the mutant cortex. As symmetric divisions of BPs give rise to neurons, an expansion of the progenitor pool eventually results in an increase in the number of neurons. The phenotype of the Rap1 Emx1-KO cortex is very similar to that of the knockouts for Cdc42, Cdh2, and Mltt4, suggesting that all 3 act in the same pathway (Cappello et al. 2006; Kadowaki et al. 2007; Gil-Sanz et al. 2014) . A conditional Cdc42 knockout using Emx1-KO could be caused by the loss of afadin and the apical complex proteins. Conditional deletion of Mltt4 encoding the Rap1 effector afadin results in alteration of the cell cycle length and proliferation of progenitors (Gil-Sanz et al. 2014) . We observed a similar change in the Rap1 Emx1-KO cortex with an increase in the number of progenitors in M-and in S-phase, indicating that the loss of Rap1 GTPases through its effect on afadin affects the proliferation of RGCs (Gil-Sanz et al. 2014) . Conditional deletion of Cdc42 using Emx1-Cre also results in defects similar to that of Rap1, afadin, and N-cadherin mutants (Cappello et al. 2006; Gil-Sanz et al. 2014) . Cdc42 was shown to be required for the maintenance of apico-basal polarity and self-renewing VZ progenitors by activating Par complex and maintaining AJs (Cappello et al. 2006 ). Knockdown of Par3 in RGCs induces a switch from preferentially asymmetric to symmetric divisions that generate either 2 Tbr2 − or 2 Tbr2 + daughter cells (Bultje et al. 2009 ). The loss of Par3 from the apical domain in the Rap1 Emx1-KO may therefore increase the generation first of RGCs and subsequently of BPs. Earlier studies using dominant-negative constructs or knockdown vectors did not identify a role of Rap1 GTPases in RGCs, probably because the inactivation in RGCs was not efficient or too late to show an effect (Franco et al. 2011; Jossin and Cooper 2011) . The importance of timing for the phenotype is also supported by conditional knockouts for Mltt4 (Imai 2006; Yamamoto et al. 2013; Gil-Sanz et al. 2014) . Only the early inactivation of Mltt4 using Emx1-Cre results in a dramatic phenotype while Nestin-Cre results in much milder defects in RGCs. Taken together, Rap1 GTPases appear to act upstream of Cdc42, Par3, afadin, and N-cadherin to maintain the proliferative pool of the apical progenitors and polarized morphology of RGCs. In addition to the role in RGC polarity, 2 steps in neuronal polarization depend on Rap1 GTPases in vivo: The specification of an axon and the initiation of radial migration by forming a leading process. Live cell imaging showed that the majority of multipolar neurons first select a ventrally or tangentially directed neurite as the axon, which is consistent with recent reports (Hatanaka and Yamauchi 2013; Namba et al. 2014; Sakakibara et al. 2014 ; Fig. 7D ). This selection could depend on N-cadherin-or Tag-1-mediated adhesion (Namba et al. 2014; Xu et al. 2015) or remnants of the cleavage that gives rise to postmitotic neurons (Gärtner et al. 2012 ). Subsequently, a second neurite becomes the leading process and neurons begin their radial migration in an N-cadherin-dependent process (Jossin and Cooper 2011) . These 2 polarization events can be separated also genetically. Factors such as Lkb1, SadA/B, or TgfβR1 are required mainly for axon formation, and the corresponding knockouts show only subtle defects in the development of cortical layers (Kishi et al. 2005; Barnes et al. 2007; Shelly et al. 2007; Yi et al. 2010) . The Cdk5 knockout displays a complementary phenotype, in which neurons are unable to polarize a leading process but still can form axons (Ohshima et al. 2007) . In contrast to these pathways, the loss of Rap1 GTPases arrests neurons in the multipolar phase of migration by interfering with both axon specification and radial migration. The inability to begin their radial migration reflects a defect in forming a leading process that is required for RGC-dependent migration as described for the Cdk5 knockout (Ohshima et al. 2007) . As a consequence, the formation of cortical layers is disrupted as shown by the scattering of Tbr2 + , Tbr1 + , and Cux1 + cells throughout the mutant cortex.
The block of axon formation after deletion of Rap1a;Rap1b by expressing Cre from the Dcx or Tα promoter indicates that Rap1 activity is required in multipolar neurons at a time point before Nex-Cre is effective (Guo et al. 2000; Wu et al. 2005) . Since Rap1 suppression using the NeuroD promoter induces defects only in migration (Jossin and Cooper 2011) , the critical period for axon formation probably ends even earlier, before the NeuroD promoter is active ( Supplementary Fig. 10 shows that NeuroD is expressed later than Dcx and Tα). Rap1 GTPases subsequently initiate radial migration in the period between the onset of NeuroD promoter activity and the time point when Nex-Cre becomes effective (Jossin and Cooper 2011) . Interestingly, axon formation is affected exclusively in the hippocampus in the Nex-Cremediated knockouts but not in the cortex. Thus, Rap1 GTPases are required for axon formation at a later time point in the hippocampus, which may be explained by the observation that hippocampal neurons remain in the multipolar phase of migration much longer before they become bipolar (Kitazawa et al. 2014) . Taken together, our genetic analysis of Rap1 GTPases shows that they are essential for the development of the neocortex as master regulators of polarity. They are required to maintain RGC polarity and to direct the formation of axons and leading processes in multipolar neurons.
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